Although many studies have reported a distortion of subjective (internal) time during preparation and execution of actions, it is highly controversial whether actions cause a dilation or compression of time.
a b s t r a c t
Although many studies have reported a distortion of subjective (internal) time during preparation and execution of actions, it is highly controversial whether actions cause a dilation or compression of time.
In the present study, we tested a hypothesis that the previous controversy (dilation vs. compression) partly resulted from a mixture of two types of sensory inputs on which a time length was estimated; some studies asked subjects to measure the time of presentation for a single continuous stimulus (stimulus period, e.g. the duration of a long-lasting visual stimulus on a monitor) while others required estimation of a period without continuous stimulations (no-stimulus period, e.g. an inter-stimulus interval between two flashes). Results of our five experiments supported this hypothesis, showing that action preparation induced a dilation of a stimulus period, whereas a no-stimulus period was not subject to this dilation and sometimes can be compressed by action preparation. Those results provided a new insight into a previous view assuming a uniform dilation or compression of subjective time by actions. Our findings about the distinction between stimulus and no-stimulus periods also might contribute to a resolution of mixed results (action-induced dilation vs. compression) in a previous literature.
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Introduction
Sensation of time is an essential ability for humans (Matell & Meck, 2004; Nobre & O'Reilly, 2004) . Accurate estimation of the duration of a stimulus and an inter-stimulus interval (ISI) is necessary when we understand someone's speech and listen to music (Macar et al., 2002; Mauk & Buonomano, 2004) . Time sensation also plays a critical role in a coordination of complex and rhythmic movements such as walking and dancing (Lewis & Miall, 2003) . Despite this importance, our sensations and representations of time (subjective time) are not always accurate but influenced by various psychological factors, such as attention (Macar, Grondin, & Casini, 1994) and emotion (Droit-Volet & Meck, 2007) . Of particular interest in these days is a distortion of time induced by an execution and observation of actions (Desantis, Waszak, Moutsopoulou, & Haggard, 2016; Haggard, Clark, & Kalogeras, 2002; Press & Cook, 2015; Watanabe, 2008; Yarrow, Haggard, Heal, Brown, & Rothwell, 2001 ).
This distortion of time can be typically seen when sensory stimuli are presented around the moment of actions. Some studies showed that subjective time for a visual event before (Hagura, Kanai, Orgs, & Haggard, 2012) and after (Park, Schlag-Rey, & Schlag, 2003) a voluntary manual movement was overestimated compared to actual duration of that event (action-related dilation of time). In contrast, others (Binda, Cicchini, Burr, & Morrone, 2009; Morrone, Ross, & Burr, 2005; Yokosaka, Kuroki, Nishida, & Watanabe, 2015) reported an underestimation of an interval between two visual stimuli at the time of hand movements and saccades (action-related compression of time). This inconsistency among researches (dilation vs. compression) is seen not only on visual but also on somatosensory stimuli. A recent study (Press, Berlot, Bird, Ivry, & Cook, 2014) reported that the vibrations applied to a moving finger were perceived to be longer than those to a stationary finger (dilation), while another (Tomassini, Gori, Baud-Bovy, Sandini, & Morrone, 2014) showed that an perceived interval between tactile taps was shorter when those taps were presented to moving than static hands (compression). Overall, there has been no unified view as to whether actions induce a dilation or compression of subjective time.
How can we resolve this inconsistency? One way is to examine differences in experimental designs and parameters among previous studies, thereby identifying critical factor(s) producing the mixed results. First possible factor would be a relative timing of stimuli to actions. In one study, target stimuli for estimation of time were presented before an execution of actions (Hagura
